Recent studies suggest that sex of the animal and T cell impact ANG II hypertension in Rag Ϫ/Ϫ mice, with females being protected relative to males. This study tested the hypothesis that ANG II results in greater increases in proinflammatory T cells and cytokines in males than in females. Male and female Sprague-Dawley (SD) rats, aged 12 wk, were treated with vehicle or ANG II (200 ng·kg Ϫ1 ·min Ϫ1 ) for 2 wk. Renal CD4 ϩ T cells and Tregs were comparable between vehicletreated males and females, although males expressed more Th17 and IL-17 ϩ T cells and fewer IL-10 ϩ T cells than females. ANG II resulted in greater increases in CD4 ϩ T cells, Th17 cells, and IL-17 ϩ cells in males; Tregs increased only in females. We previously showed that ANG (1-7) antagonizes ANG II-induced increases in blood pressure in females and ANG (1-7) has been suggested to be anti-inflammatory. Renal ANG (1-7) levels were greater in female SD at baseline and following ANG II infusion. Additional rats were treated with ANG II plus the ANG (1-7)-mas receptor antagonist A-779 (48 g·kg Ϫ1 ·h Ϫ1 ) to test the hypothesis that greater ANG (1-7) in females results in more Tregs relative to males. Inhibition of ANG (1-7) did not alter renal T cells in either sex. In conclusion, ANG II induces a sex-specific effect on the renal T cell profile. Males have greater increases in proinflammatory T cells, and females have greater increases in anti-inflammatory Tregs; however, sex differences in the renal T cell profile are not mediated by ANG (1-7).
We previously showed that ANG (1-7) antagonizes ANG II-induced increases in blood pressure in females and ANG (1-7) has been suggested to be anti-inflammatory. Renal ANG (1-7) levels were greater in female SD at baseline and following ANG II infusion. Additional rats were treated with ANG II plus the ANG (1-7)-mas receptor antagonist A-779 (48 g·kg Ϫ1 ·h Ϫ1 ) to test the hypothesis that greater ANG (1-7) in females results in more Tregs relative to males. Inhibition of ANG (1-7) did not alter renal T cells in either sex. In conclusion, ANG II induces a sex-specific effect on the renal T cell profile. Males have greater increases in proinflammatory T cells, and females have greater increases in anti-inflammatory Tregs; however, sex differences in the renal T cell profile are not mediated by ANG (1-7).
adaptive immune system; sex differences; Sprague-Dawley; ANG (1-7); gender; cytokines ALL OF THE EARLY STUDIES establishing a role for T cells in ANG II hypertension were performed exclusively in males (8, 9, 13) ; however, two recent studies have greatly expanded our understanding of the impact of sex on T cells during ANG II hypertension. Male Rag Ϫ/Ϫ mice, which lack functional B and T cells, have greater renal T cell infiltration than female mice regardless of ANG II infusion, although only males exhibit an increase in proinflammatory cytokines following ANG II treatment (22) . In a separate study, adoptive transfer of T cells from wild-type male mice to male Rag Ϫ/Ϫ mice before ANG II infusion resulted in different circulating, splenic, and perivascular adipose tissue T cell profiles than if the donor T cells were from a female (14) . The impact of ANG II on the T cell profile in female Rag Ϫ/Ϫ was not studied. Regardless, both of these studies support the hypothesis that females exhibit less proinflammatory T cell activation in response to ANG II infusion relative to males.
The majority of studies examining T cells in hypertension have focused on total CD3
ϩ T cells, although CD3 ϩ CD4 ϩ T cells further differentiate into proinflammatory T helper 17 (Th17) cells or immune-suppressive regulatory T cells (Tregs). Th17 cells have been implicated in contributing to ANG II hypertension (19) , while Tregs attenuate ANG II hypertension in male experimental animal models (2) . We previously published that there is a sex difference in the renal T cell profile in hypertensive rats. Kidneys of female spontaneously hypertensive rats (SHR) have more Tregs and kidneys from males have more Th17 cells (4, 36, 37) . Our current study is focused on the kidney since the kidney is critical in the long-term control of blood pressure (BP) and renal immune cell infiltration contributes to increases in BP in experimental hypertension (7, 24) .
There are numerous sex differences in the renin-angiotensin system (RAS) and in functional responses to ANG II infusion (6, 41) . The molecular mechanism(s) accounting for sex differences in response to ANG II are still being investigated; however, a differential balance in the expression and activation of the classical and nonclassical RAS has been implicated. In particular, our group and others have shown that ANG (1-7) antagonizes ANG II-induced increases in BP and renal injury in female SHR and mice relative to males (34, 40) . While the impact of ANG (1-7) on T cells in hypertension in either sex remains unknown, ANG (1-7) stimulates anti-inflammatory pathways of the innate immune system (11, 12, 15, 21, 32) . Overexpression of ANG (1-7) increases the anti-inflammatory cytokine IL-10 and decreases proinflammatory cytokines in male Sprague-Dawley (SD) rats (30) . Moreover, male mice lacking angiotensin-converting enzyme 2 (ACE2), a key enzyme for the synthesis of ANG (1-7), have increased renal CD3 ϩ T cells (18) . These studies support a potential role for ANG (1) (2) (3) (4) (5) (6) (7) to also antagonize ANG II-induced increases in inflammation.
The goal of the current study was to determine the effect of ANG II hypertension on renal T cells in males and females. We hypothesized that ANG II would result in greater increases in proinflammatory T cells and cytokines in males, while females would exhibit greater increases in immune-suppressive Tregs. Additional studies further tested the hypothesis that greater ANG (1-7) in females would promote a more anti-inflammatory profile in females relative to males.
MATERIALS AND METHODS
Animals. Male and female SD rats, aged 12 wk, were used in this study (Harlan Laboratories, Indianapolis, IN). All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the Georgia Regents University Institutional Animal Care and Use Committee. Rats were housed in temperature-and humidity-controlled, light-cycled quarters and maintained on standard rat chow (Harlan Teklad).
In the first study, male and female SD rats (n ϭ 6/group) were anesthetized with isoflurane (1.5%) and randomized to receive either subcutaneous osmotic minipumps (Alzet, Cupertino, CA) to deliver ANG II (200 ng·kg Ϫ1 ·min Ϫ1 for 14 days; Phoenix, Burlingame, CA) or vehicle control. Additional male and female SD rats (n ϭ 5-6) were implanted with telemetry transmitters (Data Sciences, St. Paul, MN) at 10 wk of age as previously described (34) . Rats were allowed 1 wk to recover before being placed on receivers for the measurement of baseline BP for an additional week before ANG II infusion was initiated. All rats were placed in metabolic cages before treatment was initiated and at the end of the 14-day treatment period to facilitate 24-h urine collection. Urinary protein excretion was determined by Bradford Assay (Bio-Rad, Hercules, CA).
In the second study, the contribution of ANG (1-7) to ANG II-mediated changes in the renal T cell profile was determined by randomizing male and female SD rats (n ϭ 6/group) to receive osmotic mini-pumps to deliver either ANG II alone or in combination with the ANG (1-7)-mas receptor antagonist D-alanine-[ANG-(1-7)] (A-779; 48 g·kg Ϫ1 ·h Ϫ1 ; Bachem, Torrance, CA). For all experiments, rats were anesthetized with ketamine/xylazine following 2 wk of ANG II infusion (48 and 6.4 mg/kg, respectively, ip; Phoenix Pharmaceuticals, St. Joseph, MO) and a terminal blood sample was taken in the presence of heparin (Hospira, Lake Forest, IL) via aortic puncture. Kidneys were isolated and placed in ice-cold PBS and one kidney was immediately subjected to flow cytometric analysis.
Analytical flow cytometry. Single cell suspensions of whole kidneys were prepared as previously described (37) . Analytical flow cytometry was performed to define the T cell profile using both surface and intracellular markers as previously described to determine the numbers of CD3 ϩ and CD4
as well as the percent of total T cells that express the proinflammatory cytokine IL-17 or the antiinflammatory cytokine IL-10 (ROR-␥ antibody from R&D Systems, Minneapolis, MN; all other antibodies from BD Biosciences, San Diego, CA) (1, 37). Antibody specificity was confirmed using isotype controls. Samples were double-stained with control IgG and cell markers and were used to assess any spillover signal of fluorochromes. Proper compensation was set to ensure that the median fluorescence intensities of negative and positive cells were identical and then was used to gate the population. Gating excluded dead cells and debris using forward and side scatter plots.
Statistical analysis. All data are presented as means Ϯ SE. BP and protein excretion data within each sex were analyzed using repeatedmeasures ANOVA and between-sex comparisons were made using a Student's t-test. Flow cytometry data in 1) vehicle control and ANG II-treated rats and 2) ANG II and A-779-treated rats were compared using two-way ANOVA. Factor 1 was effect of sex and factor 2 was effect of treatment. For all comparisons, differences were considered statistically significant with P Ͻ 0.05. Analyses were performed using GraphPad Prism Version 5.0 software (GraphPad Software, La Jolla, CA) and SAS 9.3 (SAS Institute, Cary, NC).
RESULTS

ANG II significantly increases BP and protein excretion in
male and female SD rats. Consistent with previous reports in the literature (27) , baseline BP when measured by radiotelemetry was significantly greater in males compared with females (P ϭ 0.008; Fig. 1 ). ANG II resulted in a significant increase in BP in both males and females (P Ͻ 0.001) and the degree of increase was comparable between sexes (percent increase: 30 vs. 29%, respectively, ns). Similarly, urinary protein excretion was greater in male SD rats at baseline than in females (6 Ϯ 1 vs. 1 Ϯ 1 mg/day, respectively; effect of sex: P Ͻ 0.001). ANG II significantly increased protein excretion in both male (48 Ϯ 1 mg/day) and female SD rats (9 Ϯ 2 mg/day; effect of treatment: P Ͻ 0.001); however, protein excretion remained greater in males (effect of interaction: P Ͻ 0.001).
ANG II increases the number of T cells in the kidney of SD rats in a sex-dependent manner.
The renal T cell profile was measured by flow cytometric analysis in vehicle control male and female SD rats and following chronic ANG II infusion. Vehicletreated male SD rats had more renal CD3 ϩ T cells than females (effect of sex: P Ͻ 0.001; Fig. 2A ). ANG II infusion increased the number of CD3 ϩ T cells in both sexes to a similar degree, although males maintained more CD3 ϩ T cells than females (effect of treatment: P Ͻ 0.001, interaction P ϭ 0.623). In contrast, the number of CD4 ϩ T cells was comparable in kidneys of vehicle control male and female SD rats (P ϭ 0.2; Fig. 2B ). ANG II infusion also increased the number of CD4 ϩ T cells in both males and females. However, the increase in CD4 ϩ T cells was greater in males (effect of treatment: P Ͻ 0.0001, effect of sex: P Ͻ 0.001, interaction P ϭ 0.023).
T cell activation was further measured via analysis of the early activation T cell markers CD44 and CD69. Vehicle control male SD rats had more CD44 ϩ T cells in their kidneys compared with females, while vehicle control female SD rats had a greater number of CD69 ϩ T cells (Fig. 2 , C and D, respectively; effect of sex: P Ͻ 0.001 for both). ANG II infusion increased the number of CD44 ϩ T cells in both sexes, yet males maintained more CD44 ϩ T cells than females (effect of treatment: P Ͻ 0.001, interaction P ϭ 0.022). ANG II infusion did not alter the number of CD69 ϩ T cells in either sex (effect of treatment: P ϭ 0.166, interaction P ϭ 0.897).
Following ANG II infusion male SD rats have more renal Th17 cells than females, and females have more renal Tregs than males. The renal T cell profile in male and female SD rats was further characterized by measuring proinflammatory Th17 cells and IL-17 ϩ T cells and anti-inflammatory Tregs and IL-10 ϩ T cells. The number of Th17 cells was significantly greater in kidneys of vehicle control males compared with females (effect of sex: P Ͻ 0.001; Fig. 3A) . ANG II infusion only increased the number of Th17 cells in males (effect of treatment: P Ͻ 0.001, interaction P ϭ 0.016). Consistent with these data, vehicle control male SD rats also had a greater number of IL-17 ϩ T cells in their kidneys compared with females (effect of sex: P Ͻ 0.001; Fig. 3B ). ANG II infusion increased the number of IL-17 ϩ T cells in both males and females, although the increase was greater in males (effect of treatment: P Ͻ 0.001, interaction P ϭ 0.001).
In contrast, vehicle control female SD rats had more renal Tregs than males (effect of sex: P Ͻ 0.001; Fig. 3C ). ANG II infusion increased the numbers of Tregs exclusively in the kidneys of female SD rats (effect of treatment: P ϭ 0.004, interaction P ϭ 0.033). Female SD rats also had more renal IL-10 ϩ T cells compared with males (effect of sex: P Ͻ 0.001; Fig. 3D ). Although ANG II infusion did not significantly alter the number of IL-10 ϩ T cells in the kidneys of either sex (effect of treatment: P ϭ 0.259), there was a significant interaction term (interaction P ϭ 0.025) consistent with the observed decrease in IL-10 ϩ T cells in males and an increase in IL-10 ϩ T cells in females. Female SD rats have higher renal cortical ANG (1-7) concentrations than male SD rats. Renal cortical ANG II and ANG (1-7) peptide levels were measured in vehicle control and ANG II-treated male and female SD rats (Table 1) . Renal cortical ANG II levels were comparable between vehicle control male and female rats (effect of sex: P ϭ 0.421). ANG II infusion increased ANG II peptide levels to a similar degree in both sexes (effect of treatment: P Ͻ 0.001; interaction P ϭ 0.756). In contrast, renal cortical ANG (1-7) levels were less in vehicle control males compared with females (effect of sex: P Ͻ 0.001), although ANG II infusion did not alter the concentration of ANG (1-7) in either sex (effect of treatment: P ϭ 0.413; interaction P ϭ 0.878).
ANG (1-7) does not modulate the impact of ANG II on the renal immune profile of female SD rats.
Since female SD rats exhibited greater renal concentrations of ANG (1-7) than males and ANG (1-7) antagonizes many of the effects of ANG II, additional studies determined the contribution of ANG (1-7)/mas receptor activation to sex differences in the renal immune profile in male and female SD following ANG II infusion. A-779 did not significantly alter ANG II-induced alterations in renal T cells of either sex (Table 2) .
DISCUSSION
While there is growing support for a critical role for T cells in hypertension, the vast majority of these studies have been conducted exclusively using male experimental animals, despite the fact that half of the hypertensive population is female.
It was recently published that while T cells exacerbate ANG II hypertension in male Rag
Ϫ/Ϫ mice, adoptive transfer of T cells from a male donor does not alter BP responses to ANG II in female Rag Ϫ/Ϫ mice and adoptive transfer of T cells from a female donor mitigates ANG II hypertension in male Rag Ϫ/Ϫ mice (14, 22) . These studies led us to hypothesize that ANG II differentially impacts the T cell profile in males and females and that females maintain a less proinflammatory immune profile. The novel findings of the current study are 1) ANG II results in greater increases in the number of renal proinflammatory Th17 and IL-17 ϩ T cells in males than in females, 2) ANG II results in greater increases in the number of renal anti-inflammatory Tregs and IL-10 ϩ T cells in females than in males, and 3) ANG (1-7) does not drive these sex differences in the renal T cell profile during ANG II infusion. ANG II and the RAS are critical in the regulation of BP and salt and water homeostasis (5) and there are well-established sex differences in both the expression level of the major components of the RAS and in functional responses to RAS activation (6, 33) . Our studies suggest that these sex differences extend to T cell activation and sex differences in ANG II activation of T cells may underlie sex differences in other physiological responses to ANG II infusion (38) .
Although numerous studies have reported sex differences in BP responses to ANG II infusion, ANG II resulted in comparable increases in BP in male and female SD rats in the current study. We propose that this is related to the dose of ANG II used. While male SD rats consistently have larger increases in BP to ANG II than females at a dose of 400 ng·kg Ϫ1 ·min Ϫ1 or greater (25, 26, 35) , consistent with our findings, there was not a sex difference in the BP response to ANG II in SD rats when dosed at 100 ng·kg Ϫ1 ·min Ϫ1 (20) . These findings lead us to propose that there is a threshold dose of ANG II in normotensive animals required to elicit a sex difference in BP. Alternatively, we treated the animals with a lower dose of ANG II; therefore, waiting additional time may have uncovered a sex difference in the BP responses. Indeed, the telemetry data suggest that BP in the females has plateaued at 2 wk while BP in males appears to still be increasing.
The impact of ANG II on the renal T cell profile was sex-specific. Male SD rats exhibited greater increases in the number of renal Th17 cells and Th17 cells have been implicated in ANG II-induced increases in BP (19) . In contrast, females exhibited greater increases in the number of renal Tregs, and Tregs mitigate ANG II-induced increases in BP (2) . Therefore, despite sex differences in T cells that have been shown to regulate BP, there was no difference in BP. While the current study did not assess the relative contribution of individual T cell subtypes to ANG II hypertension in male and female SD rats, sex differences in ANG II hypertension were abolished in Rag Ϫ/Ϫ mice compared with wild-type mice (14, 22) , implicating T cells in sex differences in BP responses to ANG II. Alternatively, these data may be interpreted to suggest that large numbers of T cells are required to establish sex Data are means Ϯ SE. *Significant difference from same-sex controls. †Sig-nificant difference from males, n ϭ 5-14. SD, Sprague-Dawley. ϩ , CD8 ϩ T cells or Th17 cell vs. same-sex vehicle controls (36) . More studies are needed to define the impact of individual T cell subtypes in males and females.
Table 2. Impact of ANG (1-7)-mas receptor blockade on ANG II-induced alterations in renal T cells in male and female SD
The current study focused on T cell subtypes that have been implicated in BP control and ANG II infusion exacerbated the numbers of these cells present in the kidney in both sexes. However, we did not fully define all of the T cells present in the kidney or assess additional immune cells such as monocytes, macrophages, and dendritic cells. These could be additional important considerations regarding the role of the immune system following ANG II infusion. It would be of interest to know whether ANG II infusion also results in sex-specific changes in the types of T cells and other immune cells infiltrating the kidney compared with vehicle control rats.
Although BP responses to ANG II were comparable between the sexes, male SD rats exhibited greater increases in protein excretion in response to ANG II than females, suggesting that deleterious renal effects of ANG II are beginning to be expressed in males despite comparable BP. ANG II infusion increases T cells in kidneys of male 129/SvEv mice (8), male Wistar rats (29) , male and female SHR (34) and T cells contribute to end-organ damage (23, 28) . Therefore, the sex difference in the renal T cell profile may contribute to sex differences in proteinuria following ANG II infusion. It has been shown that even a single injection of Tregs attenuates ANG II-induced cardiac damage in male NMRI mice (a colony of inbred mice generated at the US Naval Medical Research Institute) independent of changes in BP (17) , suggesting that even moderate increases in Tregs may offer protection against ANG II-induced tissue damage. Therefore, it is tempting to speculate that the increase in Tregs in female SD rats with ANG II infusion attenuates ANG II-induced increases in proteinuria. Future studies will be designed to test this hypothesis.
Similar to Th17 cells and Tregs, IL-17 contributes to increases in BP and males had more IL-17 ϩ T cells regardless of ANG II infusion, while IL-10 mitigates ANG II-induced increases in BP and female SD rats had more renal IL-10 ϩ cells (16, 19) . Sex differences in renal Tregs, Th17 cells, IL-17 ϩ , and IL-10 ϩ T cells in the current study are consistent with our previous publications in kidneys of SHR (4, 36, 37) . It should be noted that while male SD exhibited greater increases in the absolute number of IL-17 ϩ T cells, females had a greater percent increase in IL-17 ϩ T cells than males (240 vs. 172%) underscoring the fact that ANG II does increase the proinflammatory immune profile of both sexes. In contrast to our results, male Rag Ϫ/Ϫ mice had more splenic and renal Tregs than females and ANG II infusion did not alter Tregs in either sex. However, donor T cells for both male and female Rag Ϫ/Ϫ mice were from wild-type male mice, and Ji et al. (14, 22) reported that sex of the T cell impacts the response to ANG II. Indeed, while there were no sex differences in renal Tregs when measured by immunohistochemical analysis depending on sex of the T cell donor in male Rag Ϫ/Ϫ mice, renal Foxp3 mRNA levels were greater in kidneys from male Rag Ϫ/Ϫ mice if donor T cells were from a female (14) . Therefore, it remains possible that donor T cells from a female wild-type mouse to female Rag Ϫ/Ϫ mice would potentiate the increase in Tregs to a larger extent than in males. The full immune profile, including all cytokines and antigen presenting cells, is an important determinant of T cell differentiation and activation and the "male" immune environment may not be conducive to stimulating Treg differentiation to the same degree as in females. In the current study, CD44
ϩ and CD69 ϩ T cells were measured as early activation markers of T cells. ANG II resulted in greater increases in CD44 ϩ in males following ANG II infusion, suggesting greater T cell activation in males which would be consistent with greater numbers of effector T cells. In support of this notion, only male Rag Ϫ/Ϫ mice exhibit increases in the proinflammatory cytokines TNF-␣, MCP-1, and IL-2 following ANG II infusion (22) . Regardless, these data suggest that ANG II induced T cells in a sex-specific manner, where females were able to limit the proinflammatory effects of ANG II on T cells.
To begin to assess the mechanism mediating sex differences in renal T cells following ANG II infusion, ANG (1-7) was measured in the renal cortex of male and female SD rats and consistent with our previous reports in Wistar-Kyoto rats (3) and SHR (34), female SD rats have greater ANG (1-7) concentrations than males. While ANG II infusion did not alter ANG (1-7) in either sex, females maintained higher levels of ANG (1-7) than males and we previously showed that greater ANG (1-7) in female SHR antagonizes ANG IIinduced increases in BP and renal injury (34) . Additional studies tested the hypothesis that greater ANG (1-7) in females will also antagonize ANG II induction of proinflammatory cells. However, blocking ANG (1-7) during ANG II infusion did not alter the T cell profile in either sex. In contrast to our findings, overexpression of ANG (1-7) in monocrotalinetreated male SD rats stimulates IL-10 and attenuates proinflammatory cytokine release (30) . Furthermore, male mice lacking ACE2, a key enzyme for the formation of ANG (1-7), exhibit an increase in total T cells infiltrating the renal tubulointerstitium (18) , suggesting a role for ANG (1-7) to impact T cells. The finding that blocking ANG (1-7) during ANG II infusion did not alter T cells may be related to the fact that while ANG (1-7) levels were not significantly altered, ANG II levels increased. It is possible that the increase in ANG II had a greater impact on the T cell profile than blocking ANG (1-7) . Alternatively, a limitation of the current study is that we did not measure BP responses to ANG II during A-779 infusion and there are no selective downstream targets of mas receptor activation that can be measured to assess the effectiveness of the blockade in the current study. Therefore, despite using the same dose and route of A-779 that we previously showed exacerbate ANG II hypertension exclusively in female SHR (34), we cannot conclusively state that ANG (1-7) was not involved. Future studies will infuse ANG (1-7) to more directly assess the impact on the T cell profile. ness that certain autoimmune diseases are associated with an increased risk of cardiovascular disease (10, 31) . However, we still know very little about the role of the immune system in essential hypertension in females. Our novel findings indicate that ANG II infusion mediates a sex-specific effect on the T cell profile and our studies build on recent work establishing that females are able to limit the prohypertensive effects of T cells from males in response to ANG II hypertension, but T cells from females have a less proinflammatory and prohypertensive phenotype than T cells from males (14, 22) . Despite these recent advances, many questions remain regarding the molecular mechanisms responsible for these sex differences and how T cell infiltration in multiple organs impacts overall cardiovascular health. Based on the key role now thought to be played by T cells in BP control, better understanding of how females limit proinflammatory responses may be critical in improving cardiovascular health for both sexes.
